To improve the total efficiency of centrifugal compressors, it is necessary to reduce disk friction loss, which is expressed as the power loss. In this study, to reduce the disk friction loss due to the effect of axial clearance and surface roughness is analyzed and methods to reduce disk friction loss are proposed. The rotating reference frame technique using a commercial CFD tool (FLUENT) is used for steady-state analysis of the centrifugal compressor. Numerical results of the CFD analysis are compared with theoretical results using established experimental empirical equations. The disk friction loss of the impeller is decreased in line with increments in axial clearance until the axial clearance between the impeller disk and the casing is smaller than the boundary layer thickness. In addition, the disk friction loss of the impeller is increased in line with the increments in surface roughness in a similar pattern as that of existing experimental empirical formulas. The disk friction loss of the impeller is more affected by the surface roughness than the change of the axial clearance. To minimize disk friction loss on the centrifugal compressor impeller, the axial clearance and the theoretical boundary layer thickness should be designed to be the same. The design of the impeller requires careful consideration in order to optimize axial clearance and minimize surface roughness.
Introduction
In general, centrifugal compressors consist of a stationary casing containing a rotating impeller that imparts a high velocity to the air, and a number of fixed diverging passages (diffusers) in which the air is decelerated with a static pressure rise. 1) Centrifugal compressors have the advantages of low weight, low cost, durability (resistance to foreign object damage), simplicity and high pressure ratio per stage (with a limited number of stages). 2) Gas turbines underwent very rapid progress during World War II, where attention was focused on simple turbojet engines. After World War II, centrifugal compressors were used in early British and American fighter aircraft, and also in the original comet airliners, which were the first gas turbine-powered civil aircraft in regular service. However, by the late 1950s, centrifugal compressors had found wide acceptance in small gas turbine engines.
3) Today, turboshaft engines for helicopters, turboprop engines of propeller aircraft and auxiliary power units (APU) make use of the centrifugal compressor. 4, 5) In addition, centrifugal compressors are widely used in various industries in applications such as industrial air compressors, large turbo refrigerators, highpressure blowers, turbochargers and marine plant fuel gas compressors (FGC). 6) Computational analyses and the experiments on centrifugal compressors have been performed by many researchers. In recent years, methods to improve the total efficiency of the centrifugal compressor, which is lower compared to the axial compressor, have been studied. Ó 2012 The Japan Society for Aeronautical and Space Sciences
The total loss of the centrifugal compressor can be divided into external losses and internal losses. The disk friction loss is one of the external losses. It is produced by the skin friction and the circulation of the fluid between the rotating disk and the stationary casing (or the shroud).
7)
Zimmermann 8) carried out an experimental study on surface friction losses of the rotating disk. Wild et al. 9) investigated the numerical and experimental results for the rotating disk friction losses. Gülich 10) performed an experimental study on the disk friction loss of the turbomachinery impeller due to the effect of axial clearance and surface roughness.
In general, the disk friction loss is increased in line with increments in the friction coefficient, the density of the working fluid, the rotational speed of the impeller and the area of the rotational disk. Therefore, an experimental study is carried out in order to reduce disk friction losses due to the axial clearance between the impeller disk and the casing. [11] [12] [13] Disk friction losses of the impeller according to changes in surface roughness were investigated experimentally. 14) To improve the total efficiency of centrifugal compressor, it is necessary to reduce the disk friction loss.
In this study, CFD analyses are carried out in order to reduce disk friction loss due to the axial clearance and the surface roughness of the centrifugal compressor impeller. CFD analyses of the centrifugal compressor impeller are performed using a commercial CFD tool (FLUENT) for the steady-state steady flow. Numerical results of the CFD analysis are compared to theoretical results using established experimental empirical equations [15] [16] [17] and a new empirical equation for prediction of the disk friction loss is proposed. The CFD simulation results and the new empirical equation can be applied in design processes to improve total efficiency of the centrifugal compressor as a result of reducing disk friction loss.
Numerical Methods

CFD simulation schemes
In general, the rotating reference frame (RRF) is used for the steady-state numerical analysis of rotating bodies such as impellers of centrifugal compressor and rotors of axial compressors.
In this study, CFD simulation of an impeller with constant rotational motion is carried out using a single rotating reference frame (SRF) without additional computing time and application of the user defined function (UDF) of unsteady state analysis schemes. Figure 1 shows the rotating coordinate system for the CFD analysis of the centrifugal compressor impeller, wherẽ r r is the position vector and! ! is the angular velocity.
Disk friction losses of the centrifugal compressor impeller are calculated by viscous force moments on the impeller disk surface. Figure 2 shows the sum of moments at the center of a particular moment for the calculation of viscous force moments on the impeller disk surface.
Governing equations and turbulence model
To predict disk friction loss for centrifugal compressor impellers, governing equations (continuity, momentum and energy equations) are expressed as Eq. (1) in detail by Anderson. 19) An equation of state is applied in these CFD analyses because the working fluid is air.
Equation (1) can represent the entire system of governing equations in conservation form where U, F, G, H and J are interpreted as column vectors 19) for viscous flows. The column vector U is called the solution vector. The column vectors F, G and H are called the flux terms (or flux vectors), and J represents a source term that is zero if body forces and volumetric heating are negligible.
CFD analyses of the centrifugal compressor are performed using the density-based SIMPLE method with two-equations k-! shear stress transport (SST) model. 20) This turbulence model combines the standard k-" turbulence model, 21) the k-! turbulence model 22) and the Johnson-King model. 23) The k-! turbulence model is applied in the sublayer of the wall boundary layer, and the standard k-" turbulence model is used in the wake region of the boundary layer. In general, the two-equations k-! SST model is used to correctly predict the onset and amount of separation in adverse pressure gradient flows.
Impeller modeling and grid generation
The centrifugal compressor used in this study is a stage of a commercial air compressor, the mass flow rate of the centrifugal compressor is 1.57 kg/s and the total pressure ratio is 2.85. Figure 3 shows the shape of the centrifugal compressor impeller used in this study. The centrifugal compressor impeller is composed of nine blades and nine splitter blades and the rotational speed is 35,000 rpm.
Specifications of the centrifugal compressor impeller used in this study for CFD analyses are shown in Table 1 . Figure 4 shows the notation and the 3-D shape of the impeller blade of the centrifugal compressor, where R 1t represents the inlet tip radius of the impeller, R 1h is the inlet hub radius, R 2 is the impeller radius, R 3 is the diffuser inlet radius and s is the axial clearance between the impeller disk surface and the casing.
The centrifugal compressor impeller is operated with periodic flow characteristics due to the symmetric blade geometry about the axis of rotation. Therefore, the computational domain of the centrifugal compressor impeller for CFD computational analyses is considered as one blade and one blade passage in order to reduces computing times and the number of grids. Figure 5 shows the volume meshes of the impeller blade, the impeller disk and the vaneless space. Computational grids of the impeller blade and blade passage are composed of the hexahedral mesh, which is the structured mesh, to improve calculating accuracy and reduce the grid number. Tight, small size meshes of the axial clearance between the impeller disk surface with high rotational speed and the stationary casing are generated for consideration of the velocity gradient. The mesh size in the axial clearance is determined to consider the viscous sublayer in typical velocity profiles for the turbulent boundary layer due to the law of the wall 24) when the dimensionless distance y þ is approximately two.
The number of meshes are determined as 1:5 Â 10 6 base on the results of the grid independence test shown in Table 2 .
Boundary and initial conditions
Flow fields and disk friction losses analyses for the centrifugal compressor impeller are performed by applying the periodic boundary condition in order to reduce computing time and improve modeling convenience owing to the blade passage interval of 40 deg. Boundary and initial conditions for CFD analyses of the centrifugal compressor are shown in Table 3 . Disk friction losses for the centrifugal compressor impeller are analyzed with respect to changes in axial clearance in 0.5-mm intervals from 0.5 to 5.0 mm (10 cases). The impeller disk friction losses are predicted by changing the surface roughness (K s ) of the disk surface in 0.004-mm intervals from 0.004 to 0.0320 mm (8 cases). The physical effect of the surface roughness is considered by changing the wall boundary condition of FLUENT.
Disk friction loss prediction scheme
Impeller disk friction losses of the centrifugal compressor can be obtained using Eq. (2).
16)
where P DF represents the disk friction loss, C M is the disk friction loss coefficient, is the air density and N is the rotational speed of the impeller. Prediction schemes for impeller disk friction losses for the centrifugal pump include the following three techniques.
In 1960, Daily and Nece 25) carried out an experimental study on disk friction losses of the rotating disk in closed casing. They proposed the empirical formula based on the experimental results to predict the disk friction loss coefficient shown in Eq. (3).
In Eq. (3), Re is the Reynolds number as follows.
where U is the blade rotational speed and is the air absolute viscosity. In 1995, Poullikkas 15) improved the empirical formula proposed by Daily and Nece 25) as shown in Eq. (5). 
where b 4 is the outlet volute width of the centrifugal compressor.
Results and Discussion
Flow simulation results
Physical properties of the centrifugal compressor are analyzed for the prediction of impeller disk friction losses. Figure 6 shows static pressure distributions inside the centrifugal compressor impeller. As shown in this figure, the static pressure drop in the entrance region of the impeller occurred to some extent because of the suction effect. The static pressure is increased until the impeller outlet by the diffusion effect due to the expansion of the blade passage. At the impeller exit region, the static pressure is approximately 0.219 MPa and the total pressure is approximately 0.285 MPa. Figure 7 shows static pressure distributions for the cross plane of the impeller passage and impeller side gap between the impeller and the casing wall. The static pressure is increased from the impeller inlet toward the outlet. The static pressure rise is somewhat larger than that produced in the impeller side gap. Static pressure rises of the impeller side gap and the impeller disk surface induce disk friction losses due to the increment of the effective viscosity.
The disk friction losses of the centrifugal compressor impeller are affected by the air temperature and density due to the change of the effective viscosity. Figure 8 shows total temperature distributions inside the impeller of the centrifugal compressor. Total temperature of the impeller is increased from the impeller inlet toward the outlet in a similar manner to the static pressure distributions. Figure 9 shows air density distributions inside the centrifugal compressor impeller. Air density distributions of the impeller are increased following the same trend because the static pressure is increased from the impeller inlet toward the outlet as shown in Fig. 6 . Figure 10 shows velocity vectors of the impeller disk surface of the centrifugal compressor. Radial velocity and tangential velocity components of the impeller disk surface are increased somewhat along the radial direction by the rotation of the impeller in a similar manner to theoretical distributions of the velocity triangles. Table 4 shows physical properties for the side gap and the impeller outlet. The magnitudes of physical properties in the side gap region are decreased somewhat compared to those of the impeller outlet. These results show that disk friction losses of the impeller are increased in the side gap region.
Effective viscosity prediction results
Changes in effective viscosity according to changes of the impeller disk surface roughness are analyzed in order to predict disk friction loss. The effective viscosity shows the actual viscosity for the turbulent flow inside the centrifugal compressor. The disk friction loss is affected by the viscosity of working fluid due to the total temperature rise, which is induced the thermal loss. Figure 11 shows the average effective viscosity between the impeller disk surface and the casing according to the changes in disk surface roughness. The average effective viscosity is calculated by the harmonic mean of the eddy viscosity in the turbulent flow, which is calculated in this CFD analyses. In this figure, the average effective viscosity is constantly increased in line with increments in disk surface roughness. Figure 12 shows effective viscosity distributions in the blade tip region of the centrifugal compressor impeller.
The average effective viscosity is dramatically increased in the blade tip region of the impeller in line with increments in disk surface roughness.
Disk friction loss prediction results
Disk friction losses of the centrifugal compressor impeller are predicted by changing the axial clearance and the disk surface roughness. Figure 13 shows the CFD results for the disk friction loss of the impeller according to changes in the axial clearance between the impeller disk surface and the casing when the surface roughness is 0.016 mm. CFD results for the disk friction loss are compared by the established experimental empirical formula expressed in Eqs. (5) and (6) . Using Eq. (5), proposed by Poullikkas, 15) the disk friction loss is increased in line with increments in axial clearance. The predicted result using Eq. (6), formulated by Nemdili and Hellmann, 16, 17) is decreased loss in line with increments in axial clearance as shown in this figure.
The present method predicts that the disk friction loss of the impeller is decreased more and more in line with increments in axial clearance in a similar manner to experimental results obtained by Nemdili and Hellmann 16, 17) until the theoretical boundary layer thickness of the impeller. However, the disk friction loss is increased when the axial clearance is above 3.5 mm (s=R 2 ¼ 0:032), the border point of the boundary layer thickness. This result shows that the enlargement of the recirculation area due to increments in axial clearance induces increments in disk friction loss. Furthermore, the reduction of the recirculation area, which is less than the border of the boundary layer thickness, introduces increments in disk friction loss due to the viscous effect of the wall. Figure 14 shows the disk friction loss according to changes in impeller disk surface roughness when the axial clearance to impeller radius ratio is 0.032. The disk friction loss of the impeller is increased in line with increments in surface roughness with a similar pattern as the two existing empirical formulas of Eqs. (5) and (6) . As shown in this figure, the disk friction loss of the impeller is more affected by the surface roughness than changes in axial clearance. Equation (7), which is applied in Eq. (2), is the new empirical formula for the prediction of the impeller disk friction loss based on the CFD results of this study. Equa- tion (7) 
Conclusions
In this study, disk friction losses for the impeller of the centrifugal compressor were analyzed using the commercial CFD tool (FLUENT) and a SRF. CFD analysis results for the disk friction loss of the centrifugal compressor impeller were investigated and compared with the results of established experimental empirical formulas according to variation of axial clearance and surface roughness.
(1) The disk friction loss of the impeller decreased in line with increments in axial clearance until the axial clearance between the impeller disk surface and the stationary casing was smaller than the boundary layer thickness. This result showed that decrements in axial clearance produces increments in disk friction loss due to the viscous effect of the wall. To minimize the disk friction loss on the centrifugal compressor impeller, the axial clearance and the theoretical boundary layer thickness should be designed to be the same.
(2) The disk friction loss of the impeller was dramatically increased in line with increments in the surface roughness in a similar pattern to that of established empirical formula. The disk friction loss of the impeller is more affected by the surface roughness than changes in axial clearance. Therefore, the design of the impeller requires careful consideration to optimize axial clearance and minimize surface roughness. 
